Background: Growth cones at the tips of growing axons move along predetermined pathways to establish synaptic connections between neurons and their distant targets. To establish their orientation, growth cones continuously sample for, and respond to, guidance information provided by cell surfaces and the extracellular matrix. To identify specific guidance cues, growth cones have sensor molecules on their surface, which are expressed differentially during the temporospatial progress of axon outgrowth, at levels that depend on the pattern of neural activity. However, it has not been elucidated whether a change in gene expression can indeed change the molecular composition and, hence, the function of the sensor apparatus of growth cones.
Background
The connections between neurons are generated by the extension of processes, termed axons, from the neuronal somas. During the period in which axons elongate in order to reach their target, their tips form a specialized, dynamic structure, the growth cone. As observed by serial light microscopy, growth cones extend and retract processes continuously [1] , using a mechanism that depends on cytoskeletal rearrangements [2] . The growth cones are therefore thought to 'explore' the local environment for guidance cues presented on the surface of cells or in the molecular network of the extracellular matrix [3, 4] . In order to identify immobilized signals presented along the prospective paths, growth cones bear sensor molecules on their surface; these sensors belong to a heterogeneous family of cell-surface molecules, which includes integrins [5, 6] , cadherins [6, 7] and molecules of the immunoglobulin superfamily [8, 9] . Over the past years, it has become clear that pathway sensor molecules on the surface of growth cones regulate neurite growth by activating intracellular signals [10] which in turn regulate the intracellular growth machinery.
The expression of the established sensor molecule L1 was observed to change upon stimulation with neuronal growth factor (NGF) [11] [12] [13] [14] , and to be influenced by particular patterns of neuronal activity [15] . On the basis of these results, the attractive concept emerges that the capacity of the growth cone to sample the local environment along its path might be subject to change over time as a result of a change in the composition of the ensemble of sensor molecules displayed on its surface.
To elucidate how a change in gene expression would result in a changed molecular composition of the sensor apparatus of growth cones, we have followed growth cone sensor molecules on their journey from the neuronal perikaryon, where they are synthesized by the rough endoplasmic reticulum, to the growth cone, where they are expected to exert their function. We have addressed this issue with the neuronal cell-surface molecules Ng-CAM, the presumptive avian homologue of L1 [16, 17] , and axonin-1, which is the avian homologue of TAG-1 [18, 19] . Axonin-1 and Ng-CAM are thought to play an important role as surface components of the growth cone sensor [20] [21] [22] . We have constructed replication-defective adenoviruses harboring a transcription cassette of the chicken molecules axonin-1 [19] or Ng-CAM [16] in the early region 1 (E1) of the viral genome. Dorsal root ganglia (DRG) explants of newborn rats were infected with these viruses, and the appearance of axonin-1 and Ng-CAM on the surface traced by labelling, at various time points after infection, with species-specific antibodies. These experiments revealed that newly synthesized chicken axonin-1 and Ng-CAM appear on the axonal surface at the growth cone.
Results and discussion
Newly synthesized axonin-1 and Ng-CAM appear on the axon surface at the growth cone There is no clear consensus of opinion on the issue of where newly synthesized axonal membrane components are added to the axonal membrane [23] . To investigate this question, we constructed adenoviral gene transfer vectors for the chicken sensor molecules axonin-1 [8, 20] and Ng-CAM [9] . These vectors, termed AdCMVax-1 and AdCMVng-cam, respectively, were used to direct the expression of these sensor molecules in neurons of rat DRG explant cultures. DRG explants were used because they develop long neurites that extend away from the ganglion in a radial orientation, and usually exhibit a considerable number of growth cones growing in isolation without contact to other growth cones or axons. Adenoviral gene transfer was initiated after 30 hours in culture by infection of the DRG explants with AdCMVax-1 (Fig.1) or AdCMVng-cam. At the time of infection, the ganglia had already developed neurites. At various time points, 6-20 hours after infection, axonin-1 and Ng-CAM that had appeared on the extracellular face of the axonal membrane were visualized by indirect immunofluorescence staining using specific monoclonal antibodies that did not crossreact with TAG-1 [18] or L1 [17, 24] , the presumptive rat species homologues of (chicken) axonin-1 and Ng-CAM, respectively (Fig. 2 ).
The results demonstrate that the newly synthesized sensor molecules axonin-1 and Ng-CAM were transported in the interior of the axon to the growth cone, where they were inserted into the surface membrane. Axonin-1 and Ng-CAM appeared on the axonal surface 6-7 hours after infection, and were restricted initially to the membrane of growth cones. No deposition of axonin-1 or Ng-CAM in the axolemma of the axon shaft was observed at times soon after infection (Fig. 2 ). This observation is consistent with the notion, suggested more than 25 years ago, that the elongation of axons is achieved by the deposition of new plasma membrane at their tip [25] . A lymphocyte cell-surface molecule, CD8a, when transduced into cultured rat hippocampal neurons by a herpes virus-derived vector, is also preferentially inserted in the axonal membrane at the growth cones [26] . In contrast, Harel and Futerman [27] have recently presented evidence that the membrane insertion of the neuronal cell adhesion molecule TAG-1 in cultured hippocampal neurons occurs along the entire length of the axon. The results with the lymphocyte CD8a protein, which is not expressed in neurons, suggest that the neuronal sorting machinery responsible for the delivery of proteins to the growing axons exhibits common features with the machinery that transports transmembrane proteins to the lymphocyte surface. Because lymphocytes are not considered to be polarized cells, and because membrane proteins such as CD8a are thought to be added to the plasma membrane by a pathway for which a specific address is not required, one might speculate that the transport of newly synthesized axonal proteins to the growth cone represents a default pathway.
Axonin-1 and Ng-CAM do not diffuse retrogradely
When immunodetection was carried out at later time points after adenoviral infection, axonin-1 and Ng-CAM were also found on the distal axons (Fig. 2) . The length of the labelled axonal segment was measured from the growth cone to the point on the axon where the axonin-1 or Ng-CAM immunofluorescence had declined to 20 % of the maximum intensity detected at the growth cone. There was a linear correlation between the time span after infection and the length of the labelled segment (Fig. 3) . To compare the rate of expansion of the axonin-1-and Ng-CAMlabelled axonal segment with the rate of axon elongation, neurite growth rates were measured in uninfected explants, in AdCMVax-1-infected explants, and in AdCMVng-caminfected explants at three different time points after inoculation -6-8 hours, 13-15 hours and 17-19 hours. Growth rates were almost identical under all conditions and at all time points. The following growth rates were measured in the time interval of 13-15 hours after inoculation: control explants, 33 ± 2 m h -1 (mean ± SEM; n = 37); AdCMVax-1-infected explants, 32 ± 3 m h -1 (n = 31); AdCMVngcam-infected explants, 32 ± 2 m h -1 (n = 47). Measurements at different time points during the experimental period indicated a constant growth rate. For example, the following growth rates were measured for explants infected with AdCMVax-1: 6-8 hours, 32 ± 4 m h -1 (n = 16); 13-15 hours, 31 ± 3 m h -1 (n = 25); 17-19 hours, 32 ± 4 m h -1 (n = 23).
Between 8 and 20 hours after infection with AdCMVax-1, the expansion of the axonin-1-labelled segment proceeded at a rate of approximately 25 m h -1 (Fig. 3a) . By 20 hours after viral infection, axonin-1 was detected over an axonal segment of 366 m. As we observed a lag period of 6-7 hours before the appearance of axonin-1 in the growth cone membrane, the axon had elongated 420-450 m (on the basis of a calculated growth rate of 32 m h -1 ) in the 13-14 hours since axonin-1 insertion into the membrane had started. Thus, the length of the axonin-1-labelled
Figure 2
Indirect immunofluorescence staining of virusderived (a) axonin-1 and (b) Ng-CAM on the axons of DRG explants infected during ongoing axon growth. Cultured rat DRG explants that had already formed neurites were infected with AdCMVax-1 and AdCMVng-cam, respectively. After 8 h, 10 h, 12 h, 15 h and 20 h the appearance on the axon surface of chicken axonin-1 and Ng-CAM, respectively, was determined by indirect immunofluorescence using speciesspecific monoclonal antibodies. Note that the spreading of the immunofluorescence signal from the growth cone into the adjacent axon segment is increased with increased time after infection. (Phase contrast and fluorescence optics; scale bar: 50 m.) axonal segment was approximately the same as the distance that the axons had grown since axonin-1 had appeared on the growth cone surface. Turnover of axonin-1 can be excluded as an explanation for the restriction of axonin-1 spreading to the newly added axonal segment, as the half-life of axonin-1 in the membrane of DRG neurons was determined to be 100 hours or more [28] . From this, we conclude that the observed spreading of axonin-1 in the axonal membrane marks the axonal segment that has been added since the virus-derived axonin-1 first appeared on the growth cone, and that axonin-1 does not significantly diffuse in the plane of the axonal membrane.
The Ng-CAM-labelled axonal segment expanded at a rate of 30 m h -1 , and 20 hours after infection it had a length of 416 m h -1 (Fig. 3b) . Allowing for an initial lag period of 6-7 hours for the appearance of Ng-CAM on the growth cone surface, and considering a linear axonal growth rate of 32 m h -1 during the experimental period, the point on the axon where the Ng-CAM-derived immunofluorescence was 20 % of the intensity measured at the growth cone was localized very close to the point where the growth cone was situated when the first virus-derived Ng-CAM had reached the growth cone surface. Thus, as for axonin-1, no significant diffusion was observed for Ng-CAM.
In contrast to the apparent immobility of axonin-1 and Ng-CAM, the lymphocyte protein CD8a diffused to a substantial degree in the axonal membrane [26] . As CD8a has a transmembrane segment, restricted mobility is evidently not an inherent feature of transmembrane proteins. The absence of lateral mobility of Ng-CAM could be explained by its anchorage to the cytoskeleton. In this context, it is noteworthy that binding between the cytoplasmic domain of L1, the presumptive mammalian homologue of Ng-CAM, and the cytoskeletal component ankyrin has been reported recently [29] . The immobility of axonin-1, which is a glycosylphosphatidylinositol (GPI)-anchored membrane protein, was unexpected. In general, GPI-anchored proteins are considered to be highly mobile in the plane of the membrane [30] . It remains to be determined whether a cytoskeletal contact via an intermediary linker protein or contact to another, immobile membrane protein prevents axonin-1 from diffusing. Regardless of the molecular interactions that keep axonin-1 and Ng-CAM in place, their immobility is clearly compatible with the notion that they are integrated into the growth-cone apparatus specialized for interacting with the environment. This apparatus is a multimolecular complex composed of surface sensor molecules, signalling molecules and cytoskeletal components [31] . Such presumptive integration into a functional complex distinguishes the two pathway sensor molecules investigated here from a protein with no known function in growth cones, such as CD8a. The axonal transport machinery appears not to be a selective process.
The expansion of the axonin-1-and Ng-CAM-labelled axonal segment with time after infection indicates that sensor molecules first observed at the growth cone become incorporated into the axonal shaft as the axon elongates. Evidently, molecules like axonin-1 and Ng-CAM may have different functions depending on their location. As sensor molecules in the growth cone, they are 1156 Current Biology 1996, Vol 6 No 9
Figure 3
Measurements of the distances of spreading of virus-derived chicken axonin-1 and Ng-CAM. Virus-infected rat DRG explants were subjected to indirect immunofluorescence cytochemistry using species-specific antibodies for chicken axonin-1 and Ng-CAM, respectively, at various time points after infection. The distance of spreading of axonin-1 and Ng-CAM from the growth cone into the axonal shaft was measured as the distance between the growth cone and the point on the axon where the fluorescence intensity was decreased to 20 % of the maximum intensity detected at the growth cone (see also [26] components of a highly dynamic sensory-motor apparatus [31] ; in the axon shaft, they become part of a rather static adhesive function. A number of reports have demonstrated that, in the axonal shaft, these and related molecules mediate the formation of contacts between axons and, thus, fasciculation [32] . It is conceivable that different cellular functions of such molecules may depend on the specific macromolecular context at the different subcellular locations. Current work in our laboratory is aimed at determining whether different intracellular signals are activated by such molecules depending on whether they are in the growth cone or in the axon shaft.
Conclusions
The direct delivery of axonin-1 and Ng-CAM to the growth cone ensures that the array of these molecules on the growth cone is constantly refreshed by newly synthesized molecules (Fig. 4) . Old growth cone molecules are left behind in the forming axon shaft, where they may assume a distinct function, such as mediating membrane contact among axons forming a fascicle. A mechanism for the renewal of the axonal pathway sensor apparatus, by insertion of new molecules originating from the transcription/translation machinery, permits a neuron to retain nuclear control of its growth cones' sensor apparatus and may provide the capacity to switch from one pathway preference to another during the course of axon outgrowth.
Materials and methods

Constructions of adenoviral vectors
For gene transfer and heterologous expression of chicken axonin-1 and Ng-CAM in rat DRG neurons, we used first-generation recombinant adenovirus vectors [33] [34] [35] [36] . The vectors AdCMVax-1 and AdCMVngcam constructed for this study were based on the adenovirus type 5 mutant dl309 [37] and contained a transcription unit for axonin-1 or NgCAM, respectively, in the E1 region of the viral genome. Full-length cDNA of axonin-1 [19] and Ng-CAM (cloned by RT-PCR based on the published sequence [16] ), flanked by the cytomegalovirus (CMV) immediate early enhancer/promoter and the Simian virus 40 early polyadenylation signal, were inserted into the shuttle plasmid pAd309dE1sl.Sal+, a derivative of Ad5XhoIC [38] . In the resulting shuttle plasmids, pAdCMVax-1 and pAdCMVng-cam, the transcription cassettes of axonin-1 or NgCAM, respectively, were flanked by the Ad5 fragment ranging from map unit 0 to 1.2 (inverted terminal repeat and DNA packaging signals) and the Ad5 fragment ranging from map unit 9.2 to 15.5. To generate replication-defective viruses, the shuttle plasmids were linearized at a unique SalI restriction site and each was cotransfected with the large fragment of ClaI-digested Ad5dl309 DNA into 293 cells (ATCC CRL 1573). Homologous recombination rescued the viral sequences and the axonin-1 or Ng-CAM expression cassette of the shuttle plasmid into the left end of the truncated viral genome. The recombinant virus was replication-defective, because of the absence of the E1-region, and had to be propagated in a complementing cell line that supplies the E1 function in trans [39] . Amplification and titration of viral stocks was carried out in 293 cells. The titer was 8 × 10 10 plaque-forming units (p.f.u.) ml -1 for AdCMVax-1, and 5 × 10 10 p.f.u. ml -1 for AdCMVng-cam.
Cultivation of DRG explants and measurement of neurite growth rate
Dorsal root ganglia (DRG) were dissected from neonatal rats and 3-5 ganglia per dish were cultivated in MEM supplemented with 10 % FCS, 1 % N3 [40] , 1 % glutamine, and 40 ng ml -1 NGF. For infection, the cultures were inoculated with 10 7 p.f.u. per dish.
Neurite growth rates were measured by observation of individual growth cones during a period of 90 min. Pictures of axons and their growth cones were made with a video camera at the beginning and at the end of the observation period and stored as a digital image. Axon elongation during the observation period was measured using public domain image analysis software (NIH image).
Immunocytochemistry and in situ hybridization
Explant cultures were fixed in the culture medium by adding fixation solution to a final concentration of 2 % formaldehyde and 0.1 % glutaraldehyde. For indirect immunofluorescence staining the axonin-1-specific monoclonal antibody X7C11 or the Ng-CAM-specific monoclonal antibody 12-I-4E-311 (provided by F.G. Rathjen) and a Cy3-labelled donkey anti-mouse antibody (Jackson ImmunoResearch Laboratories) were used. Cryosections of infected ganglia were counterstained with DAPI (4′,6-diamidino-2-phenylindole dihydrochloride, Sigma).
For in situ hybridization of axonin-1 mRNA, explant cultures of DRGs infected with AdCMVax-1 were removed from the culture dish, embedded in TissueTek, and frozen in liquid isopentane. Slices with a thickness of 4 m were cut with a cryostat at -20°C and mounted on polylysine-coated slides. In situ hybridization of axonin-1 transcripts was carried out with an antisense cRNA probe of the cDNA clone d509 [19] labelled with digoxigenin-11-UTP (Boehringer Mannheim) as Research Paper Renewal of axonal sensor Vogt et al. 1157
Figure 4
Axonal transport and insertion into the growth cone membrane of newly synthesized, virus-derived axonin-1 and Ng-CAM. After viral infection, virus-derived axonin-1 and Ng-CAM are synthesized in the neuronal perikaryon and integrated into the membrane of transport vesicles. With these vesicles, axonin-1 and Ng-CAM reach the growth cone by axonal transport. Insertion into the axonal surface membrane is restricted to the growth cone and neither axonin-1 nor Ng-CAM is inserted directly into the axolemma of the axonal shaft. Note that axonin-1 and Ng-CAM labelling on the axonal shaft starts at the point where the growth cone was located when the virus-derived sensor molecules had reached the growth cone. Thus, axonin-1 and Ng-CAM are located exclusively on the axonal segment that has been formed since the time when newly synthesized axonin-1 and Ng-CAM had reached the growth cone surface. The absence of evidence for retrograde spreading by diffusion suggests that these molecules are immobilized by contacts with other components of the sensory apparatus.
Infection 8 h after infection 20 h after infection
AdCMVax-1 or AdCMVng-cam described previously [41] . Hybridization was overnight at 68°C with 200 ng ml -1 of digoxigenin-labelled RNA in hybridization buffer. RNA hybrids were detected immunologically with anti-digoxigenin-Fab fragments conjugated with alkaline phosphatase.
